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Abstract

Sepsis remains the single most common cause of mortality and morbidity in hospitalized

patients requiring intensive care. Although earlier detection and improved treatment bundles

have reduced in-hospital mortality, long-term recovery remains dismal. Sepsis survivors who
experience chronic critical illness often demonstrate persistent inflammation, immune suppression,
lean tissue wasting, and physical and functional cognitive declines which often last in excess of
one year. Older patients and those with pre-existing comorbidities may never fully recover, and
have increased mortality compared to individuals who restore their immunological homeostasis.
Many of these responses are shared with individuals with advanced cancer, active autoimmune
diseases, chronic obstructive pulmonary disease and chronic renal disease. Here we propose that
this resulting immunological endotype is secondary to a persistent maladaptive reprioritization of
myelopoiesis and pathological activation of myeloid cells. Driven in part by the continuing release
of endogenous alarmins from chronic organ injury and muscle wasting, as well as by secondary
opportunistic infections, ongoing myelopoiesis at the expense of lymphopoiesis and erythropoiesis
leads to anemia, recurring infections and lean tissue wasting. Early recognition and intervention
are required to interrupt this pathological activation of myeloid populations.

Summary Sentence:

Critically ill sepsis survivor patients show specific immunological endotypes, secondary to a
persistent maladaptive reprioritization of myelopoiesis and pathological activation of myeloid
cells.
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Sepsis occurs when an overwhelming pro-inflammatory response is generated and a compensatory
anti-inflammatory response fail to reach homeostasis, which results in organ dysfunction and

risk of death. Aberrant emergency myelopoiesis may have a critical role in the development of
chronic critical illness in sepsis survivors. During sepsis, hematopoietic stem cells (HSC) respond
to PAMPs/DAMPs via PRR activation and undergo expansion and self-renewal. Cytokine and
chemokine production promote the rapid release of myeloid cells from bone marrow (emergency
myelopoiesis [EMY]), that is critical for controlling the infection. Myelopoiesis (1) predominates
at the expense of common lymphoid progenitor production and lymphopoiesis (2). Critically

ill patients have persistent PAMP and DAMP release, in which EM and myeloid cells are

released with an immature phenotype, including MDSCs (3). Persistent MDSC (M-, PMN- , E
-MDSC) expansion dampens the adaptive immune response by inhibiting T-cell proliferation and
promoting Treg expansion. Persistently elevated MDSCs in sepsis survivors with CCl is a strong,
independent predictor of secondary infections and worse outcomes. MOF: Multi-organ failure,
CMP: Common myeloid progenitor cell, GMP: Granulocyte-monocyte progenitor cell, MDSC:
CLP: Common lymphoid progenitor cell, Myeloid-derived suppressor cell, M-MDSC: Monocytic
MDSC; E-MDSC: Early MDSC, PMN-MDSC: Granulocytic MDSC, T: T-cell, B: B-cell, NK:
Natural killer cell. Created with Biorender.com.
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Introduction

Sepsis is a leading cause of death from infection worldwide. In the United States, about
1.7 million sepsis cases and 270,000 sepsis-related deaths per year are reported, with
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estimated costs around $20 billion dollars (1-3). Sepsis, defined as a life-threatening organ
dysfunction to infection, is caused by a complex host response to bacterial, viral, parasitic or
fungal infections, and is significantly influenced by host factors, such as comorbidities,

age, sex, and ethnicity/race, as well as their exposome and microbiome. As a highly
heterogeneous syndrome, the definition of sepsis has been modified and updated multiple
times since its first clinical definition in the early 1990s when the first consensus definition
of sepsis was published (4). The current iteration, Sepsis-3 (Box 1), has de-emphasized the
specific contributions of systemic inflammation per se, but has more broadly defined sepsis
as organ injury and immune dyscrasia produced by microbial infection (5).

During sepsis, there are recognized alterations in the host immune response that results

in simultaneously, both an inflammatory and immunosuppressive state. The assumption

that inflammation precedes immunosuppression has been discarded only to be replaced
with the concept that inflammation and immunosuppression occur simultaneously, and
possibly independently (6,7). With that said, however, there are several recognized clinical
trajectories that the septic patient can traverse during hospitalization. When a septic

patient is admitted into the critical care unit today, approximately 20% will manifest an
irreversible ‘cytokine storm’and progress into MOF and early death (8). Fortunately, with
earlier diagnoses and evidence-based treatment bundles, the majority of septic patients

will recover and be discharged from the critical care unit having achieved some degree

of immune homeostasis (9). Unfortunately, approximately 20-40% of sepsis survivors will
not fully recover, but will progress to a phenotype of chronic critical illness (CCI) and

often exhibit the persistent inflammation, immunosuppression, protein catabolism syndrome
(PICS) endotype (10,11). This syndrome presents with persistent inflammation, suppression
of both adaptive and innate immunity, lean tissue wasting and cachexia, and an increased
frequency of secondary infections (Figure 1) (9,11-13).

The endogenous signals that drive CCI and the PICS endotype are currently unknown,

but are likely multiple. Microbial products resulting from secondary infections are clearly
one source, but CCI and PICS can progress in the absence of any documented infection.
This has led to speculation that the initiating signals are host-derived, most likely by the
release of endogenous alarmins from injured organs and atrophied skeletal muscle (9,14,15).
There are several categories of these alarmins (Table 1), and in many cases are organ
nonspecific, but rather reflect damaged cells and organelles, especially mitochondria. Since
most of these alarmins signal through the same receptors and pathways that recognize
microbial products (16), it is not surprising that many of the clinical manifestations between
secondary microbial infection and chronic organ injury, secondary to trauma, burns and even
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infections are frequently
indistinguishable.

2. Theimmunopathology of sepsis: An overview.

2.1

Host inflammatory response to sepsis.

Microbial infection initiates a rapid release and expansion of myeloid cells owing to
the release of inflammatory mediators and adrenergic stimulation (26,27). The integrated
host response to sepsis is complex, shaped not only by exogenous pathogenic factors
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but also by a non-homeostatic host response to infections, which depends on several
factors, including genetics, age, sex, pre-existing comorbidities, environment, virulence
and other factors. The “dysregulated host response to an infection” included in the

Sepsis-3 definition no longer relates exclusively to the initial hyperinflammatory response
characterized by hyper-metabolism, shock and fever, but can now include the marked
immunosuppressive phase and a failure to return to homeostasis, due to a marked acute
cellular and metabolic reprogramming (5). More recently, the novel SARS-CoV-2 (cause of
a serious life-threatening coronavirus disease of 2019 [COVID-19] pandemic), has emerged
as a complex disease that created a major discussion about the definition of sepsis, as this
new etiologic viral agent causes clinical features and hematopathological changes strikingly
similar to those seen in sepsis (e.g. MOF, coagulopathy, cytokine storm, leukocytosis/
leukopenia, respiratory failure, hypotension) (28). A highly dysregulated myeloid cell
response, characterized by early activation of inflammatory monocytes and a later
immunosuppressive myeloid cell phenotype, combined with dysregulated myelopoiesis,
cause persistent inflammation, dysfunctional host defense and the development of severe
COVID-19 (29).

2.2. The cytokine storm and hyperinflammation.

After infection, host innate immune cells recognize the invading pathogens via interaction
between pattern recognition receptors (PRRs) and pathogen-associated molecular patterns
(PAMPs), to initiate the inflammatory response. Multiple innate immune effector cells
(neutrophils, monocytes/macrophages, dendritic cells [DCs], natural killer cells [NK], innate
lymphoid cells [ILCs]) are involved in this initial phase of the inflammatory response, in
order to reduce pathogen replication, and its dissemination from the site of infection. While
these cells have a central role in eliminating the invading pathogens via phagocytosis, the
cross-talk between these cells induces the production of pro-inflammatory cytokines (IL-6,
IL-12, TNF-a), whose integrated goal is to delay microbial colonization and expansion (30).
This sepsis-induced cytokine storm is the consequence of an uncontrolled auto-amplifying
phenomenon which results in systemic effects, including, vasodilatation and hypotension,
fever, neutrophil activation/degranulation, increased gluconeogenesis and lipolysis, and the
generation of acute phase proteins (31).

Similarly, excessive complement activation and the uncontrolled production of
anaphylatoxins have been associated with sepsis severity and enhanced long-term mortality
(32). Although inhibition of the complement activation has been considered as a treatment
for sepsis, it is not clear which component might be the best target to achieve protection
against pathogens without compromising tissue integrity.

2.3. Dysregulated erythropoiesis and thrombocytopenia.

Bone marrow steady-state erythropoiesis maintains red blood cell homeostasis throughout
life; however, this process is significantly affected in pathological conditions. During
erythropoiesis, the erythroid lineage-committed cells move through different compartments
(erythroid progenitors, precursors) to generate mature red blood cells (RBCs) (33). Any
acute physiologic insult (e.g. inflammation) accompanied by increased oxygen demand,
increases RBC production (stress erythropoiesis). This process is inhibited during infection,
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due to production of proinflammatory cytokines that alter bone marrow hematopoiesis (via
regulating proliferation and differentiation of HSPCs) to increase the production of innate
immune effector cells, at the expense of RBC production. In this regard, IL-18 and IFN-y
production, increases the expression of Pu.1 in multipotent progenitors (MPPs) leading to
myeloid skewing of hematopoiesis and inhibits erythropoiesis (34). Even more, long-term
epigenetic demethylation of Pu.1 has been showed after sepsis in humanized mice, which
reflects alterations in the immunological milieu that leads to the emergence of comorbidities
in sepsis survivors (35).

Thrombocytopenia is a common and multifactorial phenomenon occurring in critical ill
patients and is particularly high in septic patients, which has been associate to poor
prognosis. The mechanism behind thrombocytopenia in sepsis remains unknown. While
inflammatory signaling during acute infection drives rapid maturation of megakaryocyte
progenitors (MkPs) and increased platelet production (via STAT1/mTOR and TLR4/MyD88/
TRIF downstream pathways), repeated cycles of proinflammatory cytokines accentuate HSC
bias towards the megakaryocytic lineage, and trigger a constant maturation and a partial
exhaustion of MkPs (36). Thrombocytopenia in sepsis is a consequence of a combination

of several causes, including: decreased platelet production, increased platelet consumption
(thrombin-mediated platelet activation, disseminated intravascular coagulation [DIC]) and
platelet immune-mediated destruction (37).

Immunosuppression.

Sepsis-induced immunosuppression is characterized by T-cell exhaustion and innate immune
effector cell reprogramming, increased effector T-cell apoptosis and expansion of regulatory
T cells (Tregs) (38). Innate and adaptive immune effector cell apoptosis is a well-described
phenomenon that contributes to immunosuppression. Early in sepsis, apoptosis causes a
profound depletion of CD4*, CD8* T cells, B cells and DCs via PD1 death receptor and/or
mitochondrial-mediated pathways, leading the host more vulnerable to secondary infections
and death (6). In addition, phagocytosis of apoptotic cells lead to immunotolerance via
induction of anergy and epigenetic reprogramming of immune cells and the production of
anti-inflammatory cytokines (IL-10 and TGFp) (39). Sepsis-induced immunosuppression is
the result of epigenetic and metabolic modifications that contribute to the reprogramming of
immune cells, and that persist in subsequent cell generations; thus, it may have long-term
consequences in host morbidity and mortality, even years later after the initial disease has
resolved.

3. Sepsis induces dysregulated myelopoiesis.

3.1. Sepsis-mediated changes in the bone marrow niche.

The main function of the bone marrow (BM) microenvironment is to provide the necessary
signals to regulate the production of blood cells required to maintain host homeostasis.

This anatomical space provides the supportive environment containing mesenchymal stromal
cells (leptin receptor positive [LepR*] and vascular endothelial cells) required not only for
maintaining the hematopoietic cell progenitors (HPCs) and its precursors (hematopoietic
stem cells, [HSCs]), but it also facilitates its differentiation into mature blood cells (through
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endocrine signals and cell-to-cell interactions). These life-long processes of continuous
formation and turnover of blood cells generally meet host demands. In a steady-state BM
niche, the HSCs have self-renewal ability and also produce common myeloid progenitors
(CMPs) that give rise to megakaryocyte/erythroid progenitors (MEPSs) and granulocyte-
macrophage progenitors (GMPs) (Figure 2). GMPs are able to generate neutrophils,
macrophages, mast cells and eosinophils. Similarly, common lymphoid progenitors (CLPs)
are the source of the precursors of B, NK and T lymphocytes. The intrinsic characteristics
at each stage will determine the properties of the HSCs to support their expansion and
differentiation into one type of cell or another.

However, the BM niche is highly dynamic and after acute or chronic stress (e.g. irradiation,
inflammation, infection, cancer) can be significantly remodeled by the production of
chemokine gradients, which organize the different cell populations into “microniches”

to induce multiple responses in the HSCs to regulate hematopoiesis and maintain its
self-renewal. Furthermore, PRR expression and engagement on HSCs promote their exit
from quiescence and proliferation that results in their differentiation (40). The release

of proinflammatory cytokines after infection rapidly induces remodeling of the vascular
niche and recruitment of quiescent HSCs into cell cycle (41,42). Different stressors induce
HSC activation and emergency myelopoiesis. Microbial endotoxins, for example, induce
significant transcriptomic changes toward to a proinflammatory signature, pathological
changes of the BM sinusoidal endothelium, HSC proliferation/renewal and neutrophil
mobilization from the BM to the periphery (43). Similarly, sepsis-induced changes in

BM niche have a major impact on hematopoiesis. Inflammation leads to a massive
induction of granulopoiesis to fight infection but also induces anemia owing to inhibition of
erythropoiesis production and a significant reduction of their life span (44). Anemia in the
context of sepsis is associated with poor outcomes.

As previously mentioned, immunosuppression is one of the most important causes of

late mortality in sepsis, which has been related to the expansion and enhanced function

of CD47CD25*FoxP3* Tregs. In healthy conditions, a high frequency of Tregs in BM
(compared with other T cell subpopulations), may provide the HSC niche with immune
privilege mechanisms to protect HSCs from excessive inflammation (45). During sepsis,

a significant reduction of Tregs and an increased number of CD4*CD8™ effector cells in

the BM has been described, which is correlated with an increased number of Tregs in

the periphery due to alterations of the CXCL12/CXCR4 (SDF1) axis (45). These sepsis-
induced BM changes on Tregs numbers may be related to disruptions of HSC niche immune
privilege status, which result in BM hematopoietic dysfunction (46).

3.2. Emergency myelopoiesis.

The hematopoietic system rapidly adapts to stress due to injury or infection by increasing
the differentiation of HSCs into the cell lineages that are required in order to meet the
higher cell demands. Sepsis significantly affects HSC BM niche and cell-to-cell interactions
leading to a quick activation, known as ‘emergency or demand-adapted myelopoiesis’, to
give rise to mature myeloid cells (neutrophils, monocytes, macrophages, DCs) as a part of
an optimal response to eliminate pathogens. However, there is speculation that promotion
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of the acute expansion of myeloid progenitors during sepsis causes HSC dysregulation
that results in failure to generate mature myeloid cells in septic mice (47). On the other
hand, human data have suggested that changes on HSCs early after sepsis have a negative
impact with the later production of mature myeloid cells. Furthermore, low counts of
circulating hematopoietic cells have been correlated with greater probability of survival to
sepsis (48,49).

During severe infection, recruitment and extravasation of neutrophils into infected

tissues lead to neutrophil depletion that needs to be counterbalanced. Thus, steady-state
granulopoiesis switches to emergency granulopoiesis (‘left shift”) to secure the de novo
generation of neutrophils, which results from the increased MCP’s proliferation in the BM
as a consequence of the systemic infection (44). Replenishment of neutrophil pools after
systemic inflammation requires increased levels of growth factors to promote myelopoiesis.
G-CSF, for example, is critical for neutrophil differentiation and proliferation of its
precursors, as it has been shown that G-CSF deficient mice show reduced numbers of
neutrophils and neutrophil precursors (granulocyte-monocyte progenitor cells [GMPs]), and
have impaired neutrophil migration (50,51). GMPs (Lin~cKit*CD34"MCD16/32") derive
from common myeloid progenitor cells (CMPs) and generate monocytes and neutrophils. In
murine models of infection, emergency myelopoiesis is regulated by G-, GM- and M- CSF
expression, mainly produced by endothelial cells, which not only drives myelopoiesis but
also promotes HSC proliferation (50).

Similarly, proinflammatory cytokines regulate the activation of hematopoietic progenitor
cells in emergency myelopoiesis. IL-1 is a major proinflammatory cytokine that induces

a rapid host innate immune response against pathogens, but also has been involved in
autoimmunity. IL-1p induces proliferation of HSCs via induction of the PU.1 transcription
factor, which regulates the expression of GM-CSF and M-CSF receptors, and myeloid-
biased hematopoiesis. On the other hand, chronic IL-1 exposure may also significantly
impair HSC self-renewal and lineage output (52). Similarly, IL-27, a member of the IL-6/
IL-12 family, promotes the early expansion and differentiation of human CD34* HSCs into
myeloid progenitor cells, which have high potential to differentiate into neutrophils, myeloid
DCs (mDC) and mast cells (53). IL-27 is a unique cytokine in emergency myelopoiesis

as it directly acts on the most primitive HSCs (LT-HSCs) (53). Together with I1L-27, IL-6
plays a critical role in hematopoiesis under inflammatory conditions (54). Human CD34"
cells isolated from peripheral blood, produce IL-6 after endotoxin stimulation and further
promote their own differentiation /n vitro; while /n vivo studies using IL-6 null mice show
dysregulated HSC proliferation and reduced capacity of self-renewal (54). In addition, I1L-6,
IL-3, M-CSF and GM-CSF, synergistically promote proliferation of HSCs /n vitro and these
cytokines show pleiotropic effects on the maturation and survival of myeloid cells /n vivo
(55).

3.3. Hematopoietic stem cell (HSC) exhaustion.

In healthy conditions, HSCs maintain a quiescent state that rapidly turn into a highly
proliferative phase in response to acute infection (56). During sepsis, we speculate that
there is often an inadequate host BM response to infection that initiates with a dramatic
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neutrophilia and hyper-inflammatory response, followed by neutropenia and leukocyte
dysfunction with the subsequent inability to control the infection. The exit of HSC
homeostasis is a highly regulated process by inflammatory/anti-inflammatory mediators and
cell-to-cell interactions in the BM niche, and it is proposed that aberrant activation of these
cells may induce hematopoietic failure that results in chronic inflammatory blood diseases
and malignancies (57,58). During localized infection, innate immune effector cells are
quickly activated and consumed but efficiently replenished by HSC activation. In contrast,
it is proposed that severe systemic infection or sepsis induces rapid ablation of osteoblasts,
which correlates with a reduced numbers of common lymphoid progenitors (CLPs), BM
aplasia, dysfunctional HSCs and inefficient hematopoiesis (44).

Though inflammatory cytokines induce HSC division, self-renewal and mobilization, we
have speculated that if this process persists it can lead to the exhaustion of HSCs over

time. Chronic infection and persistent inflammation can lead to pancytopenia, depletion

of BM HSCs and impaired self-renewal of these cells (59), thus HSCs quiescence-
proliferation may represent a balance during infection to sustain hematopoiesis and host
long-term survival. The prolonged exposure to IL-1, TNF and type-I IFNs induces chronic
activation of HSCs that results in impaired function and exhaustion /n vivo (41,52,60).

In addition, modifications of the epigenome (e.g. DNA methylation, histone acetylation,
non-coding RNAs) have been shown to have a major role influencing immune cell
differentiation (61,62). After sepsis, murine peripheral monocyte/macrophages show an
impaired inflammatory phenotype that results in delayed wound repair and these changes
are related to epigenetic modifications of HSCs in the BM (63). Human data have

shown similar findings, as patients who survive sepsis show decreased MLL 1 expression
(histone methyltransferase that regulates cytokine expression in wound healing) (63). Even
more, septic patients have increased numbers of circulating primitive CD34*CD38™ and
Lin"CD133*CD45" (49), which has been correlated with an increased risk of death (63,64);
however, the mechanistic link between dysfunctional hematopoiesis and sepsis course is still
unknown.

3.4. Myeloid-derived suppressor cell expansion.

Even after full clinical recovery, one (of many) important long-term complication in patients
with sepsis is their impaired immune response that leads to secondary infections, greater
risk of rehospitalization and death. Many of the myeloid cells produced in the BM, as

a consequence of sepsis, never reach a mature phenotype and, therefore, these cells are
released into the circulation as immature myeloid cells (IMCs).

During systemic infection, soluble mediators (CSF, IL-6, IL-1, IFNs, ROS) trigger the
mobilization of IMCs from bone marrow to activate the emergency myelopoiesis response to
replenish mature leukocytes with IMCs, which are morphologically similar to fully mature
myeloid cells but they are immunosuppressive (65). Dysregulated inflammation, epigenetic
modifications, metabolic imbalance and BM niche remodeling occurring in sepsis, result

in the need of HSCs to adapt their proliferation/differentiation rate to meet the increased
demand of the host immune response to the infection.
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Myeloid-derived suppressor cells (MDSCs) in adults are phenotypically and functionally
non-fully matured myeloid cells that are immunosuppressive and expand during chronic and
acute inflammation from long-term HSCs. The expansion of MDSCs starts with a significant
production of IMCs in the BM directed by the host immune response to eliminate the
pathogen. Later, these myeloid cells become “pathologically activated” via transcriptional
regulators of MDSC biology, including NF-kB, STAT1, STAT3, STAT6, PGE2, COX2 (66).

MDSCs disrupt T-cell function via multiple pathways, including arginase-mediated arginine
depletion with consecutive inhibition of the T-cell and NK cell metabolism (67). In addition,
though MDSCs show impaired phagocytosis they can produce high amounts of reactive
oxygen/nitrogen species (ROS, RNS), NO, anti-inflammatory cytokines (I1L-10, TGF-B) and
activate Tregs (Figure 3) (67). Within sepsis, MDSC expansion during the early stage may
be beneficial by protecting the host from hyper-inflammation and organ dysfunction. On the
other hand, MDSCs can be detrimental as their persistent expansion inhibits the adaptive
immune response via T-cell suppression that leads to long-term complications (10,68).

The balance between the pro-inflammatory and immunosuppressive roles of MDSCs

is modulated by multiple environmental signals that also regulate their expansion.

MDSCs are highly plastic as they can maintain their phenotype and show less or more
immunosuppressive function, and also, they can differentiate into more mature myeloid cells
with varying activities. Thus, different conditions or pathologies may induce these cells to
adapt to a particular milieu, which would result in a unique polarization that will determine
their function (69).

3.5. Chronic critical illness and long-term morbidity and mortality after sepsis.

Chronic critical illness (CCI) is an emerging phenotype of approximately 30% of sepsis
survivors, characterized by prolonged intensive care unit (ICU) stays, low-grade persistent
inflammation and chronic immunosuppression. It has been reported that 5-8% of all ICU
admissions develop CClI, accounting for more than 300,000 annual cases and over USD
$26 billion in health care costs (70). CCI patients have shown poor long-term outcomes,
including post-discharge health care resource utilization, low health-related quality of

life and higher long-term mortality rates (71). The underlying pathobiology of CCl is

a maladaptive self-perpetuating cycle of persistent inflammation, where an acquired BM
failure is no longer able to support blood homeostasis.

Following sepsis, the rapid mobilization of neutrophils from the BM to the site of
infection and the activation of BM microenvironment cells, lead to self-renewal and
differentiation of HSCs to supply the required myeloid cells to fight the infection. CCI

is the clinical manifestation of the disrupted ability of the host immune system to return
to homeostasis. The immunological endotype that best defines this response has been
termed “Persistent Inflammatory, immunosuppressive and protein Catabolic Syndrome
(PICS)”, characterized not only by a persistent inflammation, but also the massive release
of alarmins (as result of organ injury) which induces the expansion of MDSCs and

Tregs as a compensatory anti-inflammatory mechanism, with a subsequent increase of
secondary infections (10,11,72). This persistent inflammation is further associated with a
significant lean muscle mass wasting associated with: decreased muscle autophagia, aberrant
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up-regulation of genes involved in structural and functional muscle development, decreased
numbers of satellite cells, impaired muscle regeneration, mitochondrial dysfunction (satellite
cells) and abnormalities in calcium homeostasis (channelopathies). Thus, catabolism,
malnutrition and persistent inflammation could be a possible explanation for the observed
accelerated aging of limb muscles and sarcopenia in ICU survivors (inflamm-aging) (Figure
4) (73,74).

The maladaptive immunological dyscrasia shown in CCI/PICS is caused by multiple cellular
and redundant molecular pathways that promote the expansion and persistence of MDSCs.
In addition, these patients show suppression of protective immunity via lymphopenia, T-cell
exhaustion, increased appearance of Tregs, increased production of soluble PD-L1, and
reduced HLA-DR expression, which have been also associated to an increased susceptibility
to secondary infections and all-cause mortality (13). The simultaneous activation of these
cellular and molecular mechanisms in the CCI patient, creates the ideal environment

to promote aberrant myelopoiesis which in turn prolongs immunosuppression and the
subsequent susceptibility to secondary infections. More recently, gene expression and
histone modification changes of exhausted murine monocytes have shown expression
profiles of pathogenic inflammation and immunosuppression, characterized by CD38
expression, NAD* depletion, ROS production and impaired mitochondria respiration via
TRAM-dependent pathway of TLR4 (75). Furthermore, TRAM may diverge with TRIF
under exhaustive conditions (e.g. sepsis) to facilitate monocyte exhaustion through elevated
STATLVIRF7 (75,76).

Sepsis causes multiple alterations in cellular function that lead to the development of tissue
and organ dysfunction. Despite more than 30 years of research and multiple clinical trials,
and significant advances in the understanding of the immunopathology of sepsis, long-term
sepsis mortality remains significantly high and there is no single treatment that persistently
save lives in septic patients (77); instead, sepsis treatment includes early administration

of antimicrobials and fluids, ventilation, and management of blood flow to protect vital
organ function (78). As not all individuals respond to the same antigen challenge similarly,
individualized genomics and/or immune effector cell profiling may provide a clear analysis
of the patient health status to design the best treatment for them.

Concluding remarks.

Post-sepsis immunopathology is complex and often associated with long-term dismal
outcomes in sepsis survivors. A persistent pro-inflammatory/anti-inflammatory interplay
characterized by highly dynamic changes in the BM (caused by inflammatory mediators),
induce multiple responses in HSCs and a maladaptive immunological dyscrasia seen in
post-septic critically ill patients.

Currently, there are no specific therapeutic interventions for CCI/PICS; nevertheless,
precision medicine has emerged as an attractive approach to incorporate different factors
(genomic, environmental, biologic) into a better therapeutic strategy to improve outcomes
of patients with sepsis. With the increasing availability of epigenomic, metabolomic, and
proteomic-based tools to elucidate the molecular basis of host variability, we are getting
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closer to providing septic patients a personalized treatment. Nevertheless, it is critically

important to determine the functional immune status of each septic patient, which is a major

unmet medical need to succeed in the development of new sepsis therapeutics.
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MOF

CClI

PICS

TLRs
NLRs
CLRs
RLRs
cGas/STING
PRRs
PAMPs
DAMPs
NETSs
ROS
RBCs
HSPCs
Pu.l
MPPs
PD1
PD-L1
HPCs
HSCs

CMPs

multi-organ failure
chronic critical illness

persistent inflammation, immunosuppression, protein
catabolism syndrome

toll-like receptors
nod-like receptors
C-type lectins receptors

RIG-I-like receptors

cyclic GMP-AMP synthase — stimulator of interferon genes

patter recognition receptors
pathogen-associated molecular patterns
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hematopoietic stem and progenitor cells
transcription factor with multiple roles in hematopoiesis
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programmed cell death protein 1
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hematopoietic progenitor cells
hematopoietic stem cells
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Box 1.

Sepsis- 3: New terms and Definitions °

Sepsis is a life threatening organ dysfunction caused by a dysregulated host
response to infection.

Organ dysfunction can be identified as an acute change in total SOFA score
=2 as a consequence of the infection.
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Figure 1.

Bone Marrow changes associated with the clinical trajectories of sepsis. BM: Bone marrow;
EMVs: Exosomes and microvesicles; PICS: Persistent inflammation-immunosuppression
and catabolism syndrome, LTAC: Long-term acute care, MOF: Multi-organ failure, SIRS:
Systemic inflammatory response syndrome, HSCs: Hematopoietic stem cells, Tregs:
Regulatory T-cells, sPD-L1: Soluble programmed death-ligand 1, MDSC: Myeloid-derived
suppressor cells (10-13).
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Figure 2.
In a steady-state bone marrow (BM), the HSC niche is dynamic and provides a specialized

architecture (mesenchymal stromal LepR+ cells [MSC], vascular endothelial cells [EC]) that
regulates self-renewal of stem cells and the quiescent/proliferative balance of HSCs. Sepsis
significantly affects the BM niche leading to quick HSC activation, which is regulated

by BM stromal cells (MSC, EC, osteolineage cells), to induce multiple HSC responses
(emergency granulopoiesis) and maintain its self-renewal. HSC: Hematopoietic stem cell,
GF: Growth factors, SCF: Stem cell factor, G-CSF: Granulocyte colony stimulating factor,
CLP: Common lymphoid progenitor cell, T: T-cell, NK: Natural killer cell, B: B-cell, CMP:
Common myeloid progenitor cell, GMP: Granulocyte-monocyte progenitor cell, MEP:
Megakaryocyte-erythrocyte progenitor.
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MDSC expansion in sepsis. A. During physiological conditions of myelopoiesis,
hematopoietic stem cells (HSCs) differentiate into common myeloid progenitor cells
(CMPs) and then into mature innate immune effector cells (PMNs, monocytes, DCs). B.
The expansion of MDSCs starts with the increased production of immature myeloid cells
(IMCs), initially directed by the host immune response to eliminate the pathogen. The
prolonged inflammatory response (red lightning bolts) in sepsis induces the release of

soluble mediators (growth factors, cytokines, PAMPs, DAMPS) that induce pathologically

activation/differentiation of these IMCs into MDSCs. Activated MDSCs have strong

immunoregulatory effects via production of reactive oxygen/nitrogen species (ROS, RNS),
matrix metalloproteinases (MMP), Arginase-1 (Arg-1) and proinflammatory mediators
(59). PMN-MDSCs: Granulocytic myeloid-derived suppressor cells, M-MDSCs: Monocytic

myeloid-derived suppressor cells.
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Figure 4.
Sepsis survivors exhibit an imbalance between anabolism and catabolism that leads to

muscle weakness and wasting. Persistent inflammation (A) after sepsis is associated with
an impaired regenerative capacity of muscle cells (B), damaged mitochondria that result
in the release of alarmins, which promotes more inflammation and MDSC expansion (B),
altered neuromuscular junction (D), which trigger persistent myopathy in sepsis survivors
characterized by skeletal muscle weakness (E). DAMPs: Damage-associated molecular
patters, EMVs: Exosomes and microvesicles. Created with Biorender.com.
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Table 1.
Major alarmins in sepsis.
Alarmin Receptors Biological effects in sepsis Ref.
HMGB1 RAGE TLR2,4,9 Activates innate immune effector cells. Induce a proinflammatory response 17
eCIRP TLR4/MD2 Induces macrophage production of proinflammatory cytokines and HMGB1 (18)
Histones TLR4 Induce proinflammatory response (19)
ATP Purinergic receptors (P2XR, Disrupt neutrophil function. T-cell suppression (20)
P2YR, P1R)

cfDNA TLRY, AIM2, cGAS, IFI16 Promote the release of proinflammatory cytokines. Prolong neutrophil lifespan  (21,22)
1L-33 ST2 Induces immunosuppression via induction of Tregs (23)
S100 proteins  RAGE, TLRs Induce the production of proinflammatory cytokines and neutrophils trafficking  (24,25)

HMGBL1: high mobility group box 1; RAGE: receptor for advanced glycation end-products; Toll-like receptor (TLR); eCIRP: cold-inducible
RNA-binding protein; ATP: adenosine triphosphate; cfDNA: cell-free DNA; AIM2: absent in melanoma 2; cGAS cyclic GMP-AMP synthase;
IF116: interferon gamma inducible protein 16; ST-2: suppression of tumorigenicity 2
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